sessment after 5 days of care significantly improves the accuracy of prognosticating outcome in patients with ICH. These data confirm the feasibility and potential utility of early reassessments in refining prognosis for patients who survive early stabilization of a severe neurologic injury.
Introduction
Evaluating a patient's prognosis for survival and favorable recovery is a fundamental skill in neurology. Prognostic models based on admission severity variables are important as risk adjustment techniques in clinical research and quality indices [1] [2] [3] . At the bedside, questions about prognosis arise as families and care teams seek to establish the appropriateness of interventions and clarify the goals of care. At the time those decisions are made, hours to days of additional information about the patient's response to stabilization efforts are often available. This additional information may influence expected outcomes, but models that incorporate reassessments and additional medical information to refine prognostic impressions are not available.
Intracerebral hemorrhage (ICH), the most morbid form of stroke, is emblematic of the importance and limitations of prognostication as currently practiced [4] . Prognostication after ICH has notoriously been confounded by limited accuracy and "self-fulfilling prophesies" by which initial impressions lead to care limitations in cases with severe initial symptoms, perhaps inappropriately [5] [6] [7] . While the capacity for recovery may be underestimated in some cases, major complications are likewise difficult to anticipate. Early neurologic deterioration due to hematoma growth, delayed intraventricular hemorrhage (IVH), worsening edema, and other factors are common early in the disease course, and associated with worse long-term outcomes [8] [9] [10] .
Similar to other severe neurologic conditions, widely used prognostic models for ICH strongly influence treatment recommendations, but are based exclusively on admission data and thus cannot account for important changes that happen during the hospital course [1, 2, 11] . With that background in mind, a recent study tested the effect of full intensive supportive treatment and avoiding new do-not-resuscitate (DNR) orders during the first 5 days after ICH, and found a meaningful reduction in observed mortality compared to ICH score predictions [12] .
The goal of this study was to determine whether incorporating information acquired during the early phase of a patient's care improves the accuracy of prognostication compared to assessments based only on data available at the time of admission. Through an analysis that uses ICH as a model disease, we test the hypothesis that a prognostic model using an early neurologic reassessment predicts outcome more accurately than a widely used prognostic score derived from admission data.
Methods
Patients presenting to Northwestern Memorial Hospital with spontaneous ICH between January 2010 and March 2016 were prospectively enrolled in an observational cohort study. All cases were diagnosed by a board-certified vascular neurologist or neurointensivist utilizing CT and/or MRI. Patients with ICH attributed to trauma, hemorrhagic conversion of ischemic stroke, structural lesions, or vascular malformations were excluded. Patient on anticoagulant medications were included. The inclusion and exclusion criteria were consistent with those used in prior studies of prognosis after ICH [1, 2] . All patients were admitted to a neuro/ spine-intensive care unit (NSICU) with a standard order set in the electronic order entry system. The Glasgow Coma Scale (GCS) score was prospectively recorded at the time of initial evaluation by a trained neurologist and/or neurosurgeon.
Demographic information, medical history, medication history, standardized clinical instruments (GCS, pre-ICH modified Rankin Scale [mRS]), pretreatment blood pressure, laboratory data, imaging data, medical management variables, surgical interventions, and medical complications were prospectively recorded. A certified examiner independent of the primary clinical team recorded the mRS score at 14 days or discharge, whichever came first, and ascertained the mRS score prospectively at 28 days and 3 months with a validated questionnaire [13, 14] . Hematoma volumes were measured on industry standard DICOM images from both referring hospitals and ours using Analyze software (Mayo Clinic, Rochester, MN, USA) with a semi-automated process, a technique with high reliability that has been used as an end point in other ICH studies [15] . Our NSICU monitoring protocol, as previously reported in detail, included serial neurologic examinations (neurochecks) using the complete GCS performed by a neuroscience nurse on admission to the NSICU and hourly thereafter throughout the entire stay in the intensive care unit, and at least one repeat non-contrast head CT to assess for hematoma growth [16] .
Identification of Potential Prognostic Predictors
The goal of the data analysis was to identify a parsimonious set of variables to predict outcome based on information gathered through the first 5 days of care, with particular attention to differentiating good vs. poor outcomes. In goals of care discussions about prognosis, decision-making often revolves around the concept of acceptably good vs. poor/undesirable outcome. For the sake of this study, we dichotomized the mRS as scores from 0 to 3 being good outcome and from 4 to 6 as poor outcome, which is consistent with many studies of ICH [17] . We excluded patients who died due to withdrawal of life support from the analysis to avoid the biases that have been reported in numerous prior studies.
Hematoma volume and the degree of neurologic impairment measured by the GCS have consistently emerged as the strongest predictors of outcome in numerous models and studies of ICH outcomes. We first determined whether there was a stronger correlation between initial or final ICH volume, and initial or day 5 GCS score (precisely, GCS score measured at 120 h after admission or the closest time prior) with the 3-month mRS score by calculating Spearman correlation coefficient (ρ). We compared correlation coefficients for statistical difference using Fisher z-transformation. To further assess the predictive value of GCS score and ICH volume, and to identify other candidate predictors, we entered candidate variables into a logistic regression model to identify predictors of poor outcome (mRS score ≥ 4), and utilized a backward conditional selection technique which stepwise eliminated variables based on change in the likelihood ratio statistic, a technique we have used in prior studies to model predictors of outcome after ICH [18] . Measures of GCS score, hematoma volume, and IVH status were based on the most current assessment at day 5.
We used an ordinal regression model to confirm that the variables identified as independently associated with 3-month good outcomes were predictive across the full spectrum of outcomes, not just at the mRS score 3 vs. 4 thresholds, again consistent with our prior studies of ICH outcomes and as advocated by other stroke outcomes experts [10, 18, 19] . We used the test of parallel lines to confirm that our data met the proportional odds assumptions for a valid ordinal model. As there is no uniformly accepted metric to compare the fit of logistic models or the performance of a test at correctly categorizing patients, we sought to compare 2 common metrics of model fit, namely, Nagelkerke R-squared and the -2 log likelihood, with 3 widely used measures of test discrimination, namely, the positive predictive value, negative predictive value, and the diagnostic effectiveness (the proportion of correctly classified subjects) [20] .
The study was approved by the Institutional Review Board (IRB). Written informed consent was obtained from the patient or their legally authorized representative. The IRB approved a waiver of consent for patients who died during initial hospitalization or were incapacitated and for whom a legal representative could not be located.
Results
We reviewed 460 patients with spontaneous ICH who met the clinical criteria. After excluding 69 for withdrawal of life support and another 135 in whom complete data were not available (mostly missing 3-month mRS score measurements), the study cohort comprised of 256 patients. The characteristics of those subjects, including major early hospital complications, are summarized in Table 1 . The only significant difference in measured baseline characteristics and early hospital course between included and excluded patients other than life support withdrawal was the final hematoma volume (median 10.3 vs. 14.2, p = 0.02; online suppl. Table 1 , see www.karger.com/ doi/10.1159/000452679). GCS score correlated with 3-month mRS score when measured at admission (Spearman ρ = -0.67, p < 0.001) and on day 5 (Spearman ρ = -0.76, p < 0.001), but the correlation was stronger when GCS score was measured on day 5 ( p = 0.023 for difference in Spearman correlation coefficient). The correlation between 3-month mRS score and day 5 GCS score was also stronger than between mRS and ICH scores (Spearman ρ = -0.58, p = 0.008). The correlation between GCS and mRS scores is shown graphically in the Figure 1 plots the Spearman correlation between mRS and serial GCS measurements from the time of admission through day 5. The relationship rapidly strengthens over 12 h and plateaus within the first 3 days. There was no significant difference between the correlations for 3-month mRS score and initial hematoma volume vs. final hematoma volume ( p = 0.9).
Conditional variable selection by logistic modeling for 3-month good outcome led to the selection of age, Hispanic ethnicity, premorbid disability measured by mRS, presence of IVH, and day 5 GCS score as potential predictors of outcome, with premorbid mRS, IVH, and GCS scores reaching statistical significance. The ordinal regression model confirmed a significant, independent association between 3-month mRS and premorbid mRS scores (OR 1.68, interquartile range 1. Table 2 . Post-hoc analysis found that Hispanic patients were significantly younger than non-Hispanics (mean age 58 vs. 65 years, p = 0.01). Inclusion of an interaction term for Hispanic ethnicity and age did not change effect estimates for GCS or premorbid mRS scores, but Hispanic ethnicity became non-significant. No significant 2-way interactions were identified.
Distilling these findings into figures that are tangible for clinicians making decisions at the bedside, the fully computed ICH score correctly categorized subjects in this cohort into good vs. poor outcome at 3 months in 73% of cases compared to 80% of cases correctly categorized by the day 5 GCS score alone or 83% with the full day 5 model. Both measures of model fit (Nagelkerke R-squared and -2 log likelihood) and all 3 measures of test discrimination (positive predictive value, negative predictive value, and diagnostic effectiveness) showed that day 5 GCS score alone was superior to the ICH score in prognostication, and the complete day 5 model was superior to both, as summarized in Table 3 . Similar magnitude differences are seen at other mRS cut points, for example, mRS scores of 0-4 where ICH score correctly categorizes 80 vs. 89% for day 5 GCS score alone (NK-R 2 0.32 and 0.50, respectively).
Discussion
A simple re-evaluation is useful in refining the prognosis for patients with ICH. The correlation between GCS score and outcome strengthens over the first few days. By 5 days, GCS score alone outperforms the complete ICH score in correctly predicting good vs. poor outcome by a variety of definitions. Models based on information acquired after observing 5 days of treatment improve the prediction of good outcome by about 10% at various mRS thresholds compared to the ICH score, which comprises 5 variables measured at admission. These data provide an understanding of which factors best predict functional outcomes after ICH, reflecting not only the initial injury, but the response to stabilization and early therapies. While models like the widely used ICH score will continue to play an important role as a risk adjuster for quality assessment, where the goal is to observe adjusted outcomes based on the patients' initial substrate, our findings suggest that a new perspective on prognostication as a process best refined in response to a patient's clinical trajectory may afford healthcare providers and families better guidance for care decisions as they happen along the course of hospitalization. Most neurologists and intensivists undoubtedly consider the patient's hospital course when estimating prognosis, although formal prognostic tools are important adjuncts to practitioner expertise, improving accuracy and diminishing bias [5] . A recent study that investigated prognosis and treatment recommendations by neurologists and neurosurgeons for ICH found that providing a prognostic estimate of the percent chance of functional independence significantly changed treatment recommendations, exerting a large influence on the likelihood of recommending treatment limitations [11] . In consequence, improving prognostic tools is imperative.
Recent research has found that changes in the first hours after hemorrhage onset affect outcomes, and can be accurately measured using standardized instruments such as the GCS that are already in widespread use as neurochecks [16, 21] . This study extends those findings to show the effects of the early course of care. Three characteristics of the study data merit additional comment. First, the severity of neurologic deficits measured by the GCS score, already the most strongly correlated variable on admission, becomes an even better surrogate for outcome as time elapses. Perhaps this is because the other variables characterizing the brain injury that show independent effects at admission, like hematoma volume and hemorrhage location, are better reflected by the clinical examination as time goes on (i.e., collinear with GCS score). Second, the association between GCS score and functional outcome strengthens quickly over the first 12 h, with minimal additional changes beyond 2.5 days. Although a previously mentioned study found better outcomes when DNR decisions were delayed for 5 days, these findings suggest that delaying half as long may allow for assessment of a patient's clinical trajectory that results in equally informed decision-making with respect to prognosis [12] . Finally, surgical interventions and infectious complications did not emerge as significant. It may be that this study is not sufficiently powered to identify their effects, or that surgical interventions and medical complications are much more likely to be observed in patients with high neurologic severity, such that GCS score remains a good surrogate for outcome.
Prognostic models must always be interpreted by expert clinicians when making decisions about individual cases, as uncommon factors that are nevertheless very important in individual cases are not well represented. For example, many models do not account well for comorbidities that limit life expectancy, although the presence of complicating factors like end stage metastatic cancer would obviously influence decision-making. To that end, there has been renewed interest in comparing the accuracy of experienced practitioners vs. empiric models. A recently published study found that practitioners are more accurate at predicting 3-month outcomes for patients with ICH than the ICH score, although practitioners in that study were allowed up to 24 h to reassess each case, raising the possibility that the opportunity to observe measurable, early clinical changes account for their findings, rather than practitioners' consideration of complex or immeasurable variables [22] . Moreover, the ability of expert practitioners to estimate prognosis, even with information about the early stabilization available, was poor. For example, 37.1% of patients in the previously mentioned study cohort died by 3 months, although practitioners had predicted death in only 14.5% of cases. Empiric prognostic models can provide a useful adjunctive to expert experience, guiding better decisions about appropriate care. The data we present here confirms the feasibility and utility of developing prognostic models based on the response to early treatment that offer a more accurate characterization of mortality risk and capacity for functional recovery.
Like prior studies modeling outcomes, this study has limitations. Our data are derived from a single center experience. Replicating our findings in another cohort would be useful. As noted earlier, clinical findings, comorbidities, and complications that occur at low frequency are less amenable to modeling, but may be very important in individual cases, which is an inherent limitation that will never allow quantitative models to substitute for physician judgment [23] . Moreover, the effect of some relevant baseline characteristics on outcomes (like premorbid functional status) may be more clearly seen over time, as shown in our day 5 model. Serum biomarkers relevant to prognosis are desirable, but none have entered routine clinical use [24, 25] . Ideally, prognostic models inform providers which common clinical factors influence outcomes with meaningful effect sizes. With a larger sized cohort, we may have been able to identify significant associations with complications that are less common or have smaller effect sizes. However, the cohort for this study is larger than the ones used to create the ICH score or to comparing the ICH score vs. practitioner estimates for prognosis [22, 26] .
In conclusion, the prognostic value of commonly acquired clinical assessments like the GCS score increases in the days following hospital admission. This finding confirms that the response to resuscitation and early treatments is measurable and relevant to outcomes. As a result, simple prognostic models that use reassessed measures that reflect that response to resuscitation and stabilization provide a more accurate prediction of functional outcomes, shown in our study of ICH patients by incorporating a term for IVH that accounts for delayed IVH and a re-measure of the GCS score. Considering the momentous, life or death decisions that are made based on the likelihood of a good outcome, improving the accuracy with which good vs. poor outcome is predicted on the order of 10% is meaningful in practice. Perhaps more important are the potential applications for the principle underlying this proof of concept study. As electronic medical records and large data analytic techniques advance, clinicians will increasingly rely on models that integrate real time clinical data to support their decisionmaking. This study supports the feasibility and utility of prognostic models that could refine estimates over several days for a variety of severe neurologic conditions, providing clinicians and families more reliable information to guide care.
